Development of a Humanized HLA-A2.1/DP4 Transgenic Mouse Model and the Use of This Model to Map HLA-DP4-Restricted Epitopes of HBV Envelope Protein by Ru, Zhitao et al.
Development of a Humanized HLA-A2.1/DP4 Transgenic
Mouse Model and the Use of This Model to Map HLA-
DP4-Restricted Epitopes of HBV Envelope Protein
Zhitao Ru
1,2, Wenjun Xiao
1, Anthony Pajot
2, Zhihua Kou
1, Shihui Sun
1, Bernard Maillere
3, Guangyu
Zhao
1, David M. Ojcius
4, Yu-chun Lone
2*, Yusen Zhou
1*
1State Key Laboratory of Pathogens and Biosecurity, Beijing Institute of Microbiology and Epidemiology, Beijing, China, 2INSERM U1014 (ex U542), Universite ´ Paris-Sud,
Ho ˆpital Paul Brousse, Villejuif, France, 3Commissariat a ` l’Energie Atomique-Saclay, Institut de Biologie et Technologies, Service d’Inge ´nierie Mole ´culaire des Prote ´ines, Gif-
sur-Yvette, France, 4Health Sciences Research Institute and School of Natural Sciences, University of California Merced, Merced, California, United States of America
Abstract
A new homozygous humanized transgenic mouse strain, HLA-A2.1
+/+HLA-DP4
+/+ hCD4
+/+mCD4
2/2IAb
2/2b2m
2/2 (HLA-A2/
DP4), was obtained by crossing the previously characterized HLA-A2
+/+b2m
2/2 (A2) mouse and our previously created HLA-
DP4
+/+ hCD4
+/+mCD4
2/2IAb
2/2 (DP4) mouse. We confirmed that the transgenes (HLA-A2, HLA-DP4, hCD4) inherited from
the parental A2 and DP4 mice are functional in the HLA-A2/DP4 mice. After immunizing HLA-A2/DP4 mice with a hepatitis B
DNA vaccine, hepatitis B virus-specific antibodies, HLA-A2-restricted and HLA-DP4-restricted responses were observed to be
similar to those in naturally infected humans. Therefore, the present study demonstrated that HLA-A2/DP4 transgenic mice
can faithfully mimic human cellular responses. Furthermore, we reported four new HLA-DP4-restricted epitopes derived
from HBsAg that were identified in both vaccinated HLA-A2/DP4 mice and HLA-DP4-positive human individuals. The HLA-
A2/DP4 mouse model is a promising preclinical animal model carrying alleles present to more than a quarter of the human
population. This model should facilitate the identification of novel HLA-A2- and HLA-DP4-restricted epitopes and vaccine
development as well as the characterization of HLA-DP4-restricted responses against infection in humans.
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Introduction
Protective immunity requires the effective mobilization of B
cells, cytotoxic T cells and helper T cells [1]. Major Histocom-
patibility Complex (MHC) molecules play a pivotal role in
shaping both the specificity and the functional outcome of
adaptive immune responses. The repertoire of functional T cell
receptors on CD4
+ and CD8
+ T cells is dependent upon the
presence of MHC molecules implicated in the positive and
negative selection of thymocytes in the thymus [2]. Moreover, the
MHC controls the activity of T cells through peripheral tolerance
mechanisms and the ability to select and present MHC-restricted
epitopes [3].
HLA-restricted epitopes was shown to be important for boosting
the effectiveness of HLA-restricted epitope-based vaccine candi-
dates. There is considerable interest in inducing specific CTLs to
prevent or control viral infections or to cure autoimmune diseases.
Promising protective antiviral immunity using CTL epitope-based
vaccines has been demonstrated in several experimental models of
infection [4]. Similarly, CD4
+ T cell epitope-based vaccines have
been designed for several experimental autoimmune and patho-
genic diseases [5–8]. However, these vaccines did not induce
significant or sufficient protection in human preclinical trials. The
insufficient efficacy could be due to the lack of simultaneous
activation of specific B cells, cytotoxic T cells and helper T cells,
which is required for protective immunity [9]. Given the practical
difficulty of studying immune responses in humans, several
transgenic mouse models expressing human HLA class I or class
II molecules have been developed to map potential pathogenic
and tumoral epitopes as well as to predict human immunity
[10,11].
To facilitate the development of a new generation of candidate
vaccines and to evaluate their efficacy in vivo, a predictive
preclinical ‘‘humanized’’ transgenic mouse model that expresses
both HLA-A2 and HLA-DR1 while lacking H2-IAb and H2-b2m
was developed [12]. These mice allow for the simultaneous
evaluation of specific B cells, HLA class I-restricted CD8
+ T cells
and HLA class II-restricted CD4
+ T cells of human interest.
However, this humanized mouse model represents the immunity
of approximately 3–9% of the human population (30–50% for
HLA-A2.1, 6–18% for HLA-DR1) [13], thus limiting the
usefulness of this model for preclinical research.
The HLA-DP4 locus is one of the most abundant HLA alleles
worldwide (20–80% of the population), being even more abundant
PLoS ONE | www.plosone.org 1 March 2012 | Volume 7 | Issue 3 | e32247than HLA-A2 (30–50%). It consists of two subtypes, DP0401 and
DP0402, which differ from each other by 3 amino acids.
Preliminary reports have shown that the presence of both
DP0401 and DP0402 occurs at a frequency of 50% in Europe,
60% in South America, 80% in North America, 60% in India,
40% in the Xinjiang district in China, 25% in Africa and 15% in
Japan [14,15]. Interestingly, some reports have suggested that
antigen presentation by HLA-DP4 molecules may be critical for
viral elimination and that such antigen presentation plays an
important role in the pathogenesis of chronic hepatitis B infection
[16,17]. These studies highlight the importance of HLA-DP4 in
the immune response to infection and in some autoimmunity
diseases [18,19]. Increasing evidence of the importance of HLA-
DP4 and its high frequency in the human population suggests that
HLA-DP4 epitope-based vaccines could induce immune protec-
tion in a large proportion of the population. However, a limited
number of HLA-DP4-restricted epitopes have been documented
for pathogenic infection [20–25] and tumors [26–28].
In this study, we describe a homozygous humanized HLA-
transgenic mouse strain, HLA-A2.1
+/+HLA-DP4
+/+hCD4
+/+
mCD4
2/2IAb
2/2b2m
2/2 (HLA-A2/DP4), which was produced
by crossing the previously characterized HLA-A2
+/+b2m
2/2 (A2)
mouse [29] and an HLA-DP4
+/+hCD4
+/+mCD4
2/2IAb
2/2 (DP4)
mouse strain [30] that we established in our laboratory. We then
confirmed the phenotypes and immunological activities characteristic
of the transgenes (HLA-A2 and HLA-DP4) inherited from the
parentalHLA-A2 and HLA-DP4mice.Finally,we screened forHLA-
DP4-restricted epitopes derived from HBV envelop protein using the
HLA-A2/DP4 mouse, and we identified 4 new HLA-DP4-restricted
epitopes (S256–268,S 326–338,S 347–358 and S352–364) that could trigger T
helper cell responses similar to those observed in vaccinated HLA-A2/
DP4 mice and HBV-vaccinated DP4-positive human donors. Our
results demonstrate that the HLA-A2/DP4 mouse represent a
promising preclinical research animal model that shares immunolog-
ical traits with approximately one-quarter of the human population
(30–50% for HLA-A2 and 20–80% for HLA-DP4). Thus, this animal
model should facilitate the identification of novel HLA-A2- and/or
HLA-DP4-restricted epitopes that could be further developed as
biomarkers and vaccine components.
Materials and Methods
Generation of transgenic mice
HLA-DP4/hCD4transgenicH-2 class II(IAb)/mCD4-KOmice
[30] were obtained at the INSERM by crossing our established
HLA-DP4-transgenic mice (HLA-DP4
+/+ hCD4
+/+mCD4
2/2)
with H-2 class II (IAb)-KO (IAb
2/2) mice. The HLA-A2.1-
transgenic mice, expressing a chimeric monochain (HHD molecule:
a1–a2 domains of HLA-A2.1, a3 to the cytoplasmic domains of H-
2D
b, linked at its N-terminus to the C-terminus of human b2m by a
15-amino-acid peptide linker), were created in Pasteur Institute
[29]. HLA-A2.1 (HHD)-transgenic H-2 class I (b2m)-KO and
HLA-DP4/hCD4-transgenic H-2 class II (IAb)/mCD4-KO mice
were intercrossed. After six generation, the heterozygote progeny
with HLA-A2.1-HLA-DP4- hCD4 were selected to continue
intercrossing till mCD4
2/2IAb
2/2b2m
2/2 mice were obtained.
Finally, HLA-A2.1
+/+HLA-DP4
+/+ hCD4
+/+ mice with the
background of mCD4
2/2IAb
2/2b2m
2/2 mice were obtained
and used for the experiments described in this report. Mice were
bred in the animal facilities at INSERM U1014 (Paris, France)
under barrier conditions and provided with commercial mouse
chow and water ad libitum. All experiments involving mice were
performed according to approved protocols and the guidelines of
the animal facility of Hospital Paul Brousse (Villejuif, France) under
agreement number 94-076-32 and permit number 94–241 from the
Directorate of Veterinary Services.
Genotype identification
The HLA-A2.1 (HHD)-transgenic H-2 class I-KO and DP4-
transgenic H-2 class transgenic II-KO (IAbb) mice were identified
by PCR. Mice genomic DNA was extracted using genomic DNA
isolation protocols. Briefly, tails were digested by incubation with
100 mM NaCl, 50 mM Tris-HCl, pH 7.2, 100 mM EDTA, 1%
SDS and 0.5 mg/mL proteinase K (Merck, Darmstadt, Germany)
overnight at 56uC, followed by the addition of 250 mL of saturated
NaCl solution and isopropanol precipitation. Pellets were washed
2 times with 70% ethanol and resuspended in 100 mL deionized
water. After homogenization of the DNA concentration, PCR was
used to amplify transgenes with different pairs of forward and
reverse primers, as follows:
HHD: 59CATTGAGACAGAGCGCTTGGCACAGAAGCA-
G39,5 9GGATGACGTGA GTAAACCTGAATCTTTGGAGTA-
CGC; DP04a:5 9TAATACAAAGTCTGCAGC TGGC39,5 9AGC-
AATGTTAGCCAGCC39;D P 0 4 b:5 9GGGATTGGAAAGAGG-
CT C39,5 9GCACTGCCCGCTTCTCC39;h C D 4 :5 9TCAGTG-
CAATGTAGGAGTCCAA G 39,5 9CACGATGTCTATTTTG-
AACTCCAC39;m C D 4 :5 9GGAGTTGTGGGTGTT CAAAG-
TG39,5 9AGAGTTGCTATCCAAGGTCAGGG39;5 9GCTTCC-
TCGTGCTTT ACGGTATC39; b2m: 59CTGAGCTCTGTTT-
TCGTCTG39,5 9CTTAACTCTGCA GGCGTATG39;5 9CCT-
GCCGAGAAAGTATCCA39;a n dI a b:5 9TTCGTGTACCAGTT-
CATGGG39,5 9TAGTTGTGTCTGCACACCGT39,5 9CCTGC-
CGAGAAAGTATCCA 39.
FACS analysis
Splenic cells were separated by Ficoll gradients (GE Life-
sciences, Uppsala, Sweden). Cytofluorometry studies were per-
formed on splenocytes using PE-conjugated W6/32 (anti-HLA-
ABC; eBioscience, San Diego, CA). Analysis of MHC class II
molecule expression was conducted after saturation of Fc receptors
with the 2.4G2 mAb using FITC-labeled anti-HLA-DP (B7/21)
and PE-labeled anti-CD19. CD4
+/CD8
+ positive lymphocytes
that were first labeled with APC anti-CD3 (BD Biosciences, San
Diego, CA, USA). Portions of the single mCD8
+, mCD4
+ and
hCD4
+ lymphocytes were labeled using PE-labeled anti-mouse
CD8, FITC-labeled anti-mouse CD4, and PECy7-labeled anti-
human CD4. Wild-type C57BL/B6 mice were chosen as a
control.
DNA immunization
The hepatitis DNA vaccine pCMV-S2.S [31] was used to verify
the consistency in the in vivo cellular responses between the
transgenic mice and humans. At the age of 8 weeks, transgenic
mice were pre-immunized with cardiotoxin. After 5 days, the mice
were immunized 3 times intramuscularly at 10-day intervals, each
time with a 100-mg DNA vaccine injection. Ten days after the last
immunization, the mice were used for further analyses.
ELISA assay
Sera from immunized mice were individually assayed by ELISA
[31] on either purified HBsAg or preS2 synthetic HBs109–134
peptide. After blocking with PBS supplemented with 0.1% Tween-
20, 10% FCS and washings three times, bound antibodies were
detected with horseradish peroxidase-labeled anti-mouse IgG
(Serotec, Cergy-Saint-Christophe, France). Antibody titers (means
of at least three determinations) were determined by the serial end-
point dilution method.
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An ELISPOT assay was implemented to detect IFN-c secreted
by CD8
+ T lymphocytes. Briefly, membrane-backed 96-well
ELISPOT plates (Millipore, Bedford, MA) were coated with
anti-IFN-c mAb (Diaclone, Besancon, France) overnight at 4uC
and then blocked with 1% skim milk. CD4-lymphocyte-depleted
cells (2610
5/well) were added to each well, cultured with 20 mg/
mL synthetic peptides and incubated for 20 h at 37uC under 5%
CO2. The IFN-c-secreting cells were captured by coating with
anti-IFN-c mAb and detected by incubation with biotinylated
anti-mouse IFN-cAb (Diaclone) for 90 min at 37uC, followed by
incubation with streptavidin-HRP for 1 h. Finally, the plates were
developed using substrate BEC (Diaclone, ready to use), washed,
and dried. Spots were counted using an ELISPOT reader (CTL,
Germany).
Proliferation assay
Ten days after the final immunization, splenocytes were RBC-
depleted, submitted to a Ficoll gradient, and adjusted to 10610
6
cells/mL (5610
5cells/well) [12]. Splenocytes were co-cultured
with peptide-pulsed (20 mg/mL) in HL1 serum-free medium
supplemented with 10 mM HEPES, 1 mM sodium pyruvate,
5610
25 M 2-mercaptoethanol, 100 IU/mL penicillin and 100 mg
streptomycin for 72 h at 37uCi n5 %C O 2. One microcurie of
[
3H]thymidine was added to each well 16 hours before the cells
were harvested using a TOMTEC collector (Perkin Elmer Applied
Biosystems), and the incorporated radioactivity was measured
using a micro-b-counter (Perkin Elmer Applied Biosystems). The
results are given as the stimulation index (SI)=cpm with specific
peptide/cpm with control peptide (Mag-3243–258 KKLLTQHF
VQENYLEY) [32].
HLA-DP4 specific binding assay
HLA-DP4 binding assays were performed as described
elsewhere [14]. In brief, they were performed in 10 mM
phosphate, 150 mM NaCL, 1 mM n-dodecyl b-D-maltoside,
10 mM citrate, and 0.003% thimerosal (PH 5) buffer with
10 mM of bOxy271-287 peptide, an appropriate dilution of
HLA-DP4 molecules (,0.1 mg/mL), and serial mid-dilutions of
competitor peptides. After 24 h incubation at 37uC, samples were
neutralized and applied to B7/21-coated plates for 2 h. Bound
biotinylated peptide was detected by means of streptavidin-alkaline
phosphatase conjugate (Amersham, Little Chalfont,UK) and 4-
methylumbelliferyl phosphate substrate(Sigma-Aldrich). Emitted
fluorescence was measured at 450 nm upon excitation at 365 nm
in a victor II spectrofluorometer (PerkinElmer Instruments, Les
Ulis, France). Data were expressed as the peptide concentration
that prevented binding of 50% of the labeled peptide(IC50). IC50
values of the Oxy271–287 peptides served as reference in each
experiment.
Human T cell proliferation assays
Human peripheral blood mononuclear cells (PBMCs) were
incubated with the HBsAg peptides and the positive control
peptide at 20 mg/mL in T cell medium containing 7.5% AB serum
for 5 days and pulsing with one microcurie of [
3H]thymidine for
16 hours before harvesting. Wells were harvested using the
TOMTEC collector (Perkin Elmer Applied Biosystems), and the
incorporated radioactivity was measured using a micro-b counter
(Perkin Elmer Applied Biosystems). The results are given as the
stimulation index (SI)=(cpm with specific peptide)/(cpm with
control peptide).
Results
Cell surface expression of MHC molecules in HLA-A2/DP4
mice
HLA-A2/DP4 mice were obtained by crossing the parental
HLA-A2
+/+b2m
2/2 (A2) mice and HLA-DP4
+/+hCD4
+/+
mCD4
2/2IAb
2/2 (DP4) mice. The genotype and cell surface
expression of HLA-A2.1 and HLA-DP4 were confirmed on
splenocytes from the HLA-A2/DP4 mice by PCR (data not
shown) and flow cytometry. As illustrated in Figure 1A, HLA-A2.1
expression was observed in HLA-A2/DP4 mice, whereas no
expression was detected in wild-type C57BL/B6 mice. As shown
in Figure 1B and 1C, HLA-DP4 expression was observed only in
the HLA-A2/DP4 mice(Figure 1C), however, no HLA-DP4
expression was detected as expected (Figure 1B). In addition,
Figure 1. Flow cytometric analysis of HLA-A2 and HLA-DP4 expression of transgenic molecules. (A) Splenocytes from HLA-A2/DP4 (bold
histogram) and wild-type C57BL/B6 (shadowed histogram) mice were isolated and stained with PE-labeled anti-HLA-ABC mAb to observe the HLA-A2
expression. PE-labeled mouse IgG2a, k mAb was used as isotype control (thinned histogram) for staining HLA-A2/DP4 mouse. (B) Splenocytes from
wild-type C57BL/B6 mice (Figure 1B) and HLA-A2/DP4 (Figure 1C) were isolated and stained with PE-labeled anti-CD19 and FITC-labeled anti-HLA-DP
mAb to observe the HLA-DP4 expression.
doi:10.1371/journal.pone.0032247.g001
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PEcy7-labeled anti-CD11b and FITC-labeled anti-CD11c in
Figure S1.
Peripheral CD8
+ T and CD4
+ T lymphocytes in HLA-A2/
DP4 mice
Splenic CD4
+ and CD8
+ T cell numbers were determined by
immunostaining and flow cytometry analysis. T lymphocytes were
labeled with APC-conjugated anti-CD3
+ antibody and then with
PE-conjugated anti-mCD8
+, FITC-conjugated anti-mCD4
+ and
PECy7-conjugated anti-hCD4
+ antibodies, as illustrated in
Figures 2–3.
The expression of HLA-A2.1 and HLA-DP4 molecules allowed
for the selection of peripheral CD8
+ and CD4
+ T cells in HLA-
A2/DP4 mice. As shown in Figure 2, around 2.3% CD8
+ T cells
(Figure 2A and 2C), compared with 0.6–1% CD8
+ T cells in b2-
microglobulin (b2m)-deficient MHC class I-deficient mice [29];
there were 89–90% CD4
+ T cells (Figure 3D and 3E) compared
with 2–3% CD4
+ T cells in the H-2 class II-KO mice [33]. In
comparison, wild-type C57BL/B6 mice possess around 17.2%
CD8
+ T cells (Figure 2B and 2C) and 77% CD4
+ T cells
(Figure 3C) in CD3+ T cells.
It has been reported that the differentiation of immature
CD4
+CD8
+ double-positive T cells into CD4
+ T cells in the
thymus is highly dependent on the expression of human CD4
(hCD4) [34]. As shown in Figures 3D and 3E, 89–90% of CD4
+ T
cell expressed hCD4, and 0–0.3% of the remaining cells exhibited
nonspecific staining with FITC-labeled anti-murine CD4 (mCD4)
in HLA-A2/DP4 mice (Figure 3A and 3B). In contrast, 77.3% of
the CD4
+ T cells in wild-type C57BL/B6 mice C57BL/B6 mice
express mCD4 (Figure 3C) rather than hCD4 (0.03%) (Figure 3F).
In addition, flow cytometric analysis was also used to observe the
percentage of Treg cells in CD4
+ T cells in Figure S2.
Humoral responses and HLA-A2-restricted responses in
HLA-A2/DP4 mice
To evaluate the immunological potential of HLA-A2/DP4 mice
and their ability to predict human responses, we compared the
humoral response and the immunodominant HLA-A2-restricted
response in the HLA-A2/DP4 mice with the responses that have
been previously reported for naturally infected patients or
immunized humans. We immunized the HLA-A2/DP4 mice with
an HBV DNA vaccine that encodes two HBV envelope proteins
(preS2 and S proteins). These two proteins can self-assemble into
particles carrying HBsAg, and they are the two protein
components of currently used vaccine against hepatitis B.
To show that the CD8
+ T cells in the periphery of HLA-A2/
DP4 mice are functionally restricted by transgenic human class I
molecules (as reported for the transgenic HLA-A2 mice [29]), we
examined the HBsAg-specific CD8
+ CTL responses by monitoring
the immunodominant HLA-A2.1-restricted epitope responses
directed against HBsAg348–357 [35] and HBsAg335–343 [36]
epitopes. The results showed that after immunization with the
pCMV-S2.S HBV DNA vaccine, the transgenic mice exhibited
HBsAg-specific humoral responses (Figure 4A) and HLA-A2-
restricted CD8
+ T cell responses (Figure 4B). The immunodomi-
nant HLA-A2.1-restricted response is directed against the
HBsAg348–357 and HBsAg335–343 epitopes, whereas in wild-type
C57BL/B6 mice, the H-2 K
b-restricted HBsAg-specific CTL
response is directed against the HBsAg371–378 epitope [37]. To
determine whether HLA-A2/DP4 mice mount the same HLA-A2-
restricted CTL response as HLA-A2/DR1 mice and humans,
splenic T cells were stimulated with the relevant HLA-A2.1-
restricted peptides, HBsAg348–357, HBsAg335–343 and a control
(HBsAg371–378, H-2 K
b-restricted), and the secretion of IFN-c was
measured as a read-out. As expected, HBsAg DNA immunization
elicited a significant CTL response against HBsAg348–357 and
HBsAg335–343, and there was no response against HBsAg371–378
(Figure 4B). The results demonstrate that CD8
+ T cell responses in
HLA-A2/DP4 mice are HLA-A2-restricted and are similar to the
CD8
+ CTL response after immunization of HLA-A2/DR1
transgenic mice with the same vaccine [12].
HLA-DP4-restricted responses in HLA-A2/DP4 mice
To evaluate the behavior of CD4
+ T cells in HLA-A2/DP4
mice, we immunized the mice with a hepatitis B virus DNA
vaccine, pCMV-S2.S, by intramuscular injection. H2-class II-
deficient mice were used as a control [33]. As shown in Figure 5A,
HBs protein- and PreS2 antigen-specific antibodies were induced
in HLA-A2/DP4 transgenic mice (solid column) at 10 days after
the third immunization. Conversely, no antigen-specific antibodies
were detected in H2-class II-deficient mice. This result demon-
strates that potent humoral responses require the help of CD4
+ T
cells.
Figure 2. Flow cytometric analysis of peripheral CD8
+ T lymphocytes. Splenocytes from HLA-A2/DP4 (Figure 2A) and wild-type C57BL/B6
mice (Figure 2B) were isolated and CD3
+ T cells were gated by staining APC-conjugated anti-CD3 mAb and CD8
+ T cells were gated by staining PE-
conjugated anti-mCD8 mAb. Frequencies of CD8
+ T cells among total CD3
+ T cells from 6 mice of each group were shown in Figure 2C.
doi:10.1371/journal.pone.0032247.g002
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restricted CD4
+ T cells responded to whole HBs antigen and to
the previously described HLA-DP4-restricted peptide, S181–S192
[20]. No responses were observed in the H2-class II-deficient mice
(hollow column) or to the control HLA-DP4-restricted peptide,
Mage-3243–258 [32]. The results demonstrate that HBsAg could
induce the HLA-DP4-restricted proliferation of CD4
+ T cells in
HLA-A2/DP4 transgenic mice.
Identification of novel HLA-DP4 epitopes that respond to
the HBsAg DNA vaccine
Having documented that the HLA-A2/DP4 mice could
respond to HBsAg, a previously described DP4-restricted epitope,
we next sought to identify novel HLA-DP4-restricted epitopes in
the HBs envelope protein. The immunogenicity of both T helper
and CTL epitopes are related to their MHC-binding capacities,
with good T helper inducers generally having a high affinity for
MHC class II molecules. We therefore scanned the hepatitis B
envelope protein based on the HLA-DP4 peptide-binding motif
[38] and selected 11 candidate peptides. The affinities for each of
the candidate peptides were evaluated (Table 1). We also
immunized HLA-A2/DP4 transgenic mice intramuscularly with
the pCMV-S2.S DNA vaccine. The splenocytes derived from the
primed mice were separated and then stimulated in vitro with 12
HLA-DP4-restricted peptides, including the HLA-DP4-restricted
epitope HBs181–192. The peptides S109–121, S256–268, S326–
338, S347–358 and S352–364 induced proliferative responses in
HLA-A2/DP4 mice, whereas no responses were observed in the
control H-2 class II-deficient mice. Thus, the HLA-A2.1
+/+HLA-
DP4
+/+hCD4
+/+ mCD4
2/2 IAb
2/2b2m
2/2 mice allowed us to
identify 5 novel HLA-DP4-restricted epitopes from the hepatitis B
envelope protein.
HLA-DP4-restricted CD4
+ T cell responses in vaccinated
humans
To determine whether the epitopes that we identified in the
HLA-A2/DP4 mice were relevant for human immune responses,
PBMCs from 6 HLA-DP4+ donors, including 4 donors who had
been immunized against HBV and 2 donors who were never
immunized, were utilized to analyze their HLA-DP4-restricted
CD4+ T cell responses. The results of the proliferation assays
(Table 2) showed that three out of four immunized subjects
responded to the reported Celis (S181–S192) peptide. The
responses of two donors were directed against the S326–338 and
S256–268 peptides. One response was observed against the S352–
364 and S347–358 peptides. No significant responses against the
S109–121 peptide (which was derived from the S2 part of the
antigen) were observed in the four donors who had received the
Figure 3. Flow cytometric analysis of peripheral mCD4
+ and hCD4
+ T lymphocytes. Splenocytes from HLA-A2/DP4 (Figure 3A, 3B, 3D and
3E) and wild-type C57BL/B6 (Figure 3C and 3F) mice were isolated and CD3
+ T cells were gated by staining with APC-conjugated anti-CD3 mAb.
Meanwhile, FITC-conjugated anti-mCD4 and PECy7-conjugated anti-hCD4 antibodies were simultaneously used to observe the mCD4 and hCD4
expression in HLA-A2/DP4 and WT C57BL/B6 mice.
doi:10.1371/journal.pone.0032247.g003
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restricted HBs epitopes were functional to detect specific T cell
responses in vaccinated humans.
Discussion
In the present study, we developed an HLA transgenic mouse
model that lacked an H-2 antigen system. As we mentioned above,
this newly created HLA-A2/DP4 transgenic mouse model
combines the most frequent HLA class I allele, A*0201, with the
most frequent class II allele, HLA-DP4. At least a quarter of the
Caucasian population (which is ,50% positive for HLA-A*0201
and ,76% for HLA-DP4 [13]), for example, carries the HLA-A2/
DP4 genotype. Thus, this mouse model could predict human
cellular responses for a larger proportion of the human population
than our previously established HLA-A2/DR1 mouse model.
According to human allele frequency statistics, DP4 is the most
abundant allele in the world, and it shares a motif with other
subtypes DPB1*0101, DPB1*0501 and DPB1*0201 [39] as DR
and DQ superfamilies. Furthermore, the HLA-DP4 allele has
become increasingly valuable in preclinical research. Accumulat-
ing evidence has proven that DP4 is important in immunity, and it
is a key allele in preventing viral infection, autoimmunity and
transplant rejection [40]. A recent study indicated that DP4 is a
protective allele in preventing chronic infection with HBV. Other
studies have shown that the presence of DP4 is correlated with
diabetes and multiple sclerosis [18,19]. These studies were based
on statistical analyses, and further explanation of this mechanism is
required. However, polymorphisms among different species and
individuals as well as a lack of human samples have hampered
HLA studies leading to DP-related research, and there are
surprisingly few mouse models for DP.
In the HLA-A2/DP4 mouse model, the development of a
repertoire of CTLs and T helper cells and the mobilization of
effector cells in the periphery should be restricted to HLA
molecules rather than murine H-2 molecules. We confirmed
HLA-A2 and DP4 molecules were expressed on the cell surface in
HLA-A2/DP4 mouse model. With the regulation of HLA
molecules, there is a normal population of T lymphocytes in the
periphery. Even through the percentage of CD8 T cells is
relatively low in HLA-A2/DP4 mice, this observation in
accordance with our previously reported HLA-A2/DR1 mice in
2004. Even in this case, expression of transgenic HLA-A2.1
molecule led to an increase in the size of the peripheral CD8+ T
cell population, which reached 2–3% of the total splenocytes in
HLA-A2/DR1 mice, compared to 0.6–1% in b2m-KO MHC-I
deficient mice [12]. Furthermore, this phenomenon had been
discussed and several studies on HBV and HIV proved that the
low percentage for CD8+ T cell doesn’t significantly affect the
usage of HLA-A2/DR1 mice in immunological analysis [41,42].
Then, we observed the humoral and HLA-restricted immune
responses in this mouse model by studying HBV DNA
immunization. After DNA immunization, we could detect a
significant humoral response against target proteins. Meanwhile,
we confirmed that both the CTL response and the Th response
were HLA-restricted responses rather than H-2 restricted
Figure 4. HBs-specific antibody and cytotoxic responses. (A) Sera were collected 10 days after the third immunization, and the titers of the
antibody (IgG) against HBs particles in the immunized mice (solid bar) were determined and compared with the mean responses of six PBS-
immunized mice (hollow bar) in an ELISA assay. (B) HBs epitope-specific IFN-c production by CTLs was determined by measuring response to the
HLA-A2-restricted epitopes HBsAg348–357 and HBsAg335–343 and to the H-2 K
b-restricted epitope HBsAg371–378 in immunized mice (solid bar)
and PBS-immunized mice (hollow bar).
doi:10.1371/journal.pone.0032247.g004
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DP4 responses similar to those observed in humans, and the mice
should be useful, not only for the identification of new HLA-DP4-
restricted epitopes and assessing the efficiency and safety of novel
vaccines but also for analysis of the cooperation between HLA-A2
and HLA-DP4 and their contribution to immunity.
Compared with HLA-A2, DP4 restricted epitopes of HBV are
rarely reported. Therefore, mapping immunodominant DP4
epitopes will be of great value for vaccine applications. Given
that one epitope identified in HLA-A2/DP4 transgenic mice did
not induce a significant response in vaccinated humans, it is
possible that competition among different HLA-class II molecules
in human body results in the selection of immunodominant
epitopes that would be concentrated on the human MHC
molecules in the humanized mice. In a natural situation, several
HLA genes are codominantly expressed in the ER, and they can
compete for overlapping epitopes [43–45]. Thus, the set of
peptides associated with an HLA molecule can be influenced by
the presence of other HLA molecules. In addition, we speculate
that other factors may have influenced the results, such as Treg
Table 1. DP4 epitopes binding ability and proliferative response in HLA-A2/DP4 mice.
Anchors Exp Obs SI
Positions 169 IC50(nM) IC50(nM) HLA-A2/DP4 H2 CII KO
S109–121 MQWNSTTFHQTLQ 40 144 2 1
S165–177 ENITSGFLGPLLV 180 .10000 1 1
S181–192 GFFLLTRILTIPQ 70 2 2–3 1
S197–209 SWWTSLNFLGGTT 300 737 1 1
S256–268 FLLVLLDYQGMLP 120 .10000 2–3 1
S318–331 SSWAFGKFLWEWA 110 46 1 1
S319–331 WAFGKFLWEWASA 160 221 1 1
S326–338 WEWASARFSWLSL 10 77 2 1
S347–358 VGLSPTVWLSVI 120 30 2–3 1
S352–364 TVWLSVIWMMWYW 28 .1000 2–3 1
S362–374 WYWGPSLYSILSP 40 952 1 1
S376–388 LPLLPIFFCLWVY 60 626 1 1
Twelve HLA-DP4-restricted epitopes were predicted by scanning the entire HBs protein and were synthesized. Exp IC50 (nM) represents the predicted affinities
according to algorithms, while Obs (nM) represents the affinities obtained from MHC class II binding assays. [
3H]thymidine incorporation assays were used to measure
the proliferation of CD4
+ T cells from DNA-vaccine-immunized HLA-A2/DP4 and H-2 class II-deficient mice stimulated with the twelve synthesized peptides, including
the previously reported epitope, S181–192. Exp=Expected, Obs=Observed, SI, stimulation index.
doi:10.1371/journal.pone.0032247.t001
Table 2. Proliferative response in DP4-positive donors.
DP4+ HBV vaccinated (SI)
DP4+ unvaccinated
(SI)
Positions Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 6
S109–121 1.1 0.9 0.8 1.0 0.8 0.9
S181–192* 7.2 3.6 0.8 3.1 0.8 1.1
S256–268 2.4 1.4 0.4 3.1 0.7 1
S326–338 1.4 2.3 0.5 3.5 1 1
S347–358 1.2 2.2 0.6 1.1 1 0.9
S352–364 1.2 3.1 0.7 1.6 1 0.7
*S181–S192 peptide was used as positive control.
The proliferation of CD4
+ T cells in 4 HBV vaccinated and 2 unvaccinated HLA-
DP4
+ donors after in vitro stimulation with 5 newly identified HLA-DP4-
restricted epitopes and one positive control peptide S181–S192. SI, stimulation
index.
doi:10.1371/journal.pone.0032247.t002
Figure 5. HBs-specific antibody and proliferative response. (A)
The titers of antibody (IgG) from HLA-A2/DP4 transgenic mice (solid
bar) and H-2 class II-deficient mice (hollow bar) against HBs particles
and the preS2109–134 peptide were determined using an ELISA assay
(Figure 5A). (B) The HLA-DP4-restricted proliferation of CD4
+ T cells from
HLA-A2/DP4 transgenic mice (solid bar) and H-2 class II-deficient mice
(hollow bar) after stimulation with HBs particles, the previously
described HBV DP4 restricted peptide, S181–S192, or the control HLA-
DP4-restricted epitope, Mag-3243–258 (Figure 5B).
doi:10.1371/journal.pone.0032247.g005
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proliferation of other T cells after peptide stimulation in vitro
[46] but this speculation need further verification.
In conclusion, we reported the creation of a new HLA-A2/DP4
mouse model that can be reliably used to identify immunodomi-
nant epitopes in humans and to rank their ability to prime CTLs
and T helper cells. This mouse model thus represents a promising
surrogate model for studying the immune responses before human
preclinical trials.
Supporting Information
Figure S1 Flow cytometric analysis of HLA-DP4 expres-
sion of transgenic molecules. Splenocytes from wild-type
C57BL/B6 mice (Figure S1A) and HLA-A2/DP4 (Figure S1B)
were isolated and stained with APC-labeled anti-CD19 and PE-
labeled anti-HLA-DP mAb to observe the HLA-DP4 expression.
In addition, DP4+ CD192 T lymphocytes were further analyzed
by staining PEcy7-labeled anti-CD11b and FITC-labeled anti-
CD11c(Figure S1C).
(TIF)
Figure S2 Flow cytometric analysis of the percentage of
Treg cells. Splenocytes from HLA-A2/DP4 and wild-type
C57BL/B6 mice were isolated and CD3+ T cells were gated by
staining with FITC-labeled anti-CD3 mAb. Meanwhile, PEcy7-
labeled anti-hCD4 mAb and APC-labeled anti-Foxp3 mAb were
simultaneously used to observe the Treg frequency in hCD4
+ T
cells of HLA-A2/DP4 mice(Figure S2A, S2B, and S2C), while
PECy7-conjugated anti-mCD4 mAb and APC-labeled anti-Foxp3
mAb were simultaneously used to observe the Treg frequency in
mCD4
+ T cells of WT C57BL/B6 mice(Figure S2D, S2E, and
S2F).
(TIF)
Acknowledgments
Thanks to the director of CNRS - SEAT (UPS 44), Madame Christelle
Martin, for her recommendations and advice on breeding mice.
Author Contributions
Conceived and designed the experiments: ZR YCL YZ. Performed the
experiments: ZR WX AP ZK SS GZ. Analyzed the data: GZ. Contributed
reagents/materials/analysis tools: BM DMO. Wrote the paper: ZR YCL
YZ.
References
1. Healey GD, Elvin SJ, Morton M, Williamson ED (2005) Humoral and cell-
mediated adaptive immune responses are required for protection against
Burkholderia pseudomallei Challenge and bacterial clearance postinfection.
Infect Immun 73: 5945–5951.
2. Viret C, Janeway CAJ (1999) MHC and T cell development. Rev Immunogenet
1: 91–104.
3. Sprent J, Gao EK, Webb SR (1990) T cell reactivity to MHC molecules:
Immunity vs. tolerance. Science 248: 1357–1363.
4. Botten J, Whitton JL, Barrowman P, Sidney J, Whitmire JK, et al. (2010) A
multivalent vaccination strategy for the prevention of Old World arenavirus
infection in humans. J Virol 84(19): 9947–56.
5. Ribeiro SP, Rosa DS, Fonseca SG, Mairena EC, Postol E, et al. (2010) A
vaccine encoding conserved promiscuous HIV CD4 epitopes induces broad T
cell responses in mice transgenic to multiple common HLA class II molecules.
PLoS One 5(6): e11072.
6. Zhou WY, Shi Y, Wu C, Zhang WJ, Mao XH, et al. (2009) Therapeutic efficacy
of a multi-epitope vaccine against Helicobacter pylori infection in BALB/c mice
model. Vaccine 27: 5013–5019.
7. Stern JN, Illes Z, Reddy J, Keskin DB, Fridkis-Hareli M, et al. (2005) Peptide
15-mers of defined sequence that substitute for random amino acid copolymers
in amelioration of experimental autoimmune encephalomyelitis. Proc Natl Acad
Sci USA 102: 1620–1625.
8. Jin X, Newman MJ, De-Rosa S, Cooper C, Thomas E, et al. (2009) A novel
HIV T helper epitope-based vaccine elicits cytokine-secreting HIV-specific CD4
T cells in a Phase I clinical trial in HIV-uninfected adults. Vaccine 27:
7080–7086.
9. Jager E, Chen YT, Drijfhout JW, Karbach J, Ringhoffer M, et al. (1998)
Simultaneous humoral and cellular immune response against cancer-testis
antigen NY-ESO-1: definition of human histocompatibility leukocyte antigen
(HLA)-A2-binding peptide epitopes. J Exp Med 187: 265–270.
10. Pascolo S (2005) HLA class I transgenic mice: development, utilisation and
improvement. Expert Opin Biol Ther 5(7): 919–38.
11. Taneja V, David CS (1998) HLA transgenic mice as humanized mouse models
of disease and immunity. J Clin Invest 101(5): 921–926.
12. Pajot A, Michel ML, Ojcius DM, Lemonnier FA, Lone YC, et al. (2004) A
mouse model of human adaptive immune functions: HLA-A2.1-/ HLA-DR1-
transgenic H-2 class I-/class II-knockout mice. Eur J Immunol 34: 3060–3069.
13. Gonzalez-Galarza FF, Christmas S, Middleton D, Jones AR (2011) Allele
frequency net: a database and online repository for immune gene frequencies in
worldwide populations. Nucleic Acid Research 39: D913–D919.
14. Castelli FA, Buhot C, Sanson A, Zarour H, Pouvelle-Moratille S, et al. (2002)
HLA-DP4, the most frequent HLA II molecule, defines a new supertype of
peptide-binding specificity. J Immunol 169: 6928–6934.
15. Geng L, Imanishi T, Tokunaga K, Zhu D, Mizuki N, et al. (1995)
Determination of HLA class II alleles by genotyping in a Manchu population
in the northern part of China and its relationship with Han and Japanese
populations. Tissue Antigens 46: 111–116.
16. Kamatani Y, Wattanapokayakit S, Ochi H, Kawaguchi T, Takahashi A, et al.
(2009) A genome-wide association study identifies variants in the HLA-DP locus
associated with chronic hepatitis B in Asians. Nat Genet 41: 591–595.
17. Guo X, Zhang Y, Li J, Ma J, Wei Z, et al. (2004) Strong influence of human
leukocyte antigen (HLA)-DP gene variants on development of persistent chronic
hepatitis B virus carriers in the han Chinese population. Hepatology 40:
318–326.
18. Baschal EE, Aly TA, Babu SR, Fernando MS, Yu L, et al. (2007) HLA-DPB1*
0402 protects against type 1A diabetes autoimmunity in the highest risk DR3-
DQB1*0201/DR4-DQB1*0302 DAISY population. Diabetes 56: 2405–2409.
19. Odum N, Saida T, Ohta M, Svejgaard A (1989) HLA-DP antigens and HTLV-
1 antibody status among Japanese with multiple sclerosis: evidence for an
increased frequency of HLA-DPw4. J Immunogenet 16(6): 467–73.
20. Celis E, Karr RW (1989) Presentation of an immunodominant T-cell epitope of
hepatitis B surface antigen by the HLA-DPw4 molecule. J Virol 63: 747–752.
21. De Waal L, Yu ¨ksel S, Brandenburg AH, Langedijk JPM, Sintnicolaas K, et al.
(2004) Identification of a common HLA-DP4-restricted T-cell epitope in the
conserved region of the respiratory syncytial virus G protein. J Virol 78:
1775–1781.
22. Tang J, Olive M, Champagne K, et al. (2004) Adenovirus hexon T-cell epitope
is recognized by most adults and is restricted by HLA DP4, the most common
class II allele. Gene Ther 22: 1.
23. De Graaf PMA, Heidema J, Poelen MC, Van Dijk MEA, Lukens MV, et al.
(2004) HLA-DP4 presents an immunodominant peptide from the RSV G
protein to CD4 T cells. Virology 326: 220–230.
24. Wang QM, Sun SH, Hu ZL, Zhou FJ, Yin M, et al. (2004) Epitope DNA
vaccines against tuberculosis: spacers and ubiquitin modulates cellular immune
responses elicited by epitope DNA vaccine. Scandinavian Journal of Immunol-
ogy 60: 219–225.
25. Gao DY, Jin GD, Yao BL, Zhang DH, Gu LL, et al. (2010) Characterization of
the specific CD4+ T cell response against the F protein during chronic hepatitis
C virus infection. PLoS One 5(12): e14237.
26. Leen AM, Christin A, Khalil M, Weiss H, Gee AP, et al. (2008) Identification of
hexon-specific CD4 and CD8 T-cell epitopes for vaccine and immunotherapy.
J Virol 82(1): 546–54.
27. Wang XF, Cohen WM, Castelli FA, Almunia C, Lethe B, et al. (2007) Selective
identification of HLA-DP4 binding T cell epitopes encoded by the MAGE-A
gene family. Cancer Immunol Immunother 56: 807–818.
28. Mandic M, Castelli F, Janjic B, Almunia C, Andrade P, et al. (2005) One
NYESO-1-derived epitope that promiscuously binds to multiple HLA-DR and
HLA-DP4 molecules and stimulates autologous CD4+ T cells from patients with
NY-ESO-1-expressing melanoma. J Immunol 174: 1751–1759.
29. Pascolo S, Bervas N, Ure JM, Smith AG, Lemonnier FA, et al. (1997) HLA-
A2.1-restricted education and cytolytic activity of CD8(+) T lymphocytes from
beta2 microglobulin (beta2m) HLA-A2.1 monochain transgenic H-2Db beta2m
double knockout mice. J Exp Med 185: 2043–2051.
30. Lone YC, Pajot A, Lemonnier F (2006) Transgenic mice and use there of as an
experimental model. Patent publication, WO 2006/092515 A1.
31. Michel ML, Davis HL, Schleef M, Mancini M, Tiollais P, et al. (1995) DNA-
mediated immunization to the hepatitis B surface antigen in mice: aspects of the
humoral response mimic hepatitis B viral infection in humans. Proc Natl.Acad
Sci USA 92: 5307–5311.
Development of HLA-A2.1/DP4 Transgenic Mouse
PLoS ONE | www.plosone.org 8 March 2012 | Volume 7 | Issue 3 | e3224732. Schultz ES, Lethe B, Cambiaso CL, Van Snick J, Chaux P, et al. (2000) A
MAGE-A3 peptide presented by HLA-DP4 is recognized on tumor cells by
CD4+ cytolytic T lymphocytes. Cancer Res 60(22): 6272–6275.
33. Cosgrove D, Gray D, Dierich A, Kaufman J, Lemeur M, et al. (1991) Mice
lacking MHC class II molecules. Cell 66: 1051–1066.
34. Law YM, Yeung RS, Mamalaki C, Kioussis D, Mak TW, et al. (1994) Human
CD4 restores normal T cell development and function in mice deficient in
murine CD4. J Exp Med 179(4): 1233–42.
35. Maini MK, Boni C, Ogg GS, King AS, Reignat S, et al. (1999) Direct ex vivo
analysis of hepatitis B virus-specific CD8(+) T cells associated with the control of
infection. Gastroenterology 117: 1386–1396.
36. Nayersina R, Fowler P, Guilhot S, Missale G, Cerny A, et al. (1993) HLA A2
restricted cytotoxic T lymphocyte responses to multiple hepatitis B surface
antigen epitopes during hepatitis B virus infection. J Immunol 150: 4659–4671.
37. Schirmbeck R, Wild J, Reimann J (1998) Similar as well as distinct MHC class I-
binding peptides are generated by exogenousand endogenous processing of
hepatitis B virus surface antigen. Eur J Immunol 28: 4149–4161.
38. Busson M, Castelli FA, Wang XF, Cohen WM, Charron D, et al. (2006)
Prediction of CD4+ T cell epitopes restricted to HLA-DP4 molecules. J Immunol
Methods 20; 317(1–2): 144–51.
39. Sidney J, Steen A, Moore C, Ngo S, Chung J, et al. (2010) Five HLA-DP
molecules frequently expressed in the worldwide human population share a
common HLA supertypic binding specificity. J Immunol 184: 2492–2503.
40. Gaschet J, Lim A, Liem L, Vivien R, Hallet MM, et al. (1996) Acute graft versus
host disease due to T lymphocytes recognizing a single HLA-DPB1*0501
mismatch. J Clin Invest 98: 100–107.
41. Pajot A, Schnuriger A, Moris A, Rodallec A, Ojcius D, et al. (2007) The Th1
immune response against HIV-1 Gag p24-derived peptides in mice expressing
HLA-A02.01 and HLA-DR1. European Journal of Immunology 37:
2635–2644.
42. Deng Q, Mancini-Bourgine M, Zhang X, Cumont MC, Zhu R, et al. (2009)
Hepatitis B virus as a gene delivery vector activating foreign antigenic T cell
response that abrogates viral expression in mouse models. Hepatology 50:
1380–91.
43. Gelder C, Davenport M, Barnardo M, Bourne T, Lamb J, et al. (1998) Six
unrelated HLA-DR-matched adults recognize identical CD4+ T cell epitopes
from influenza A haemagglutinin that are not simply peptides with high HLA-
DR binding affinities. Int Immunol 10: 211.
44. Tussey LG, Rowland-Jones S, Zheng TS, Androlewicz MJ, Cresswell P, et al.
(1995) Different MHC class I alleles compete for presentation of overlapping
viral epitopes. Immunity 3: 65–77.
45. Lacey SF, Villacres MC, La Rosa C, Wang ZD, Longmate J, et al. (2003)
Relative dominance of HLA-B*07 restricted CD8+ T lymphocyte immune
responses to human cytomegalovirus pp65 in persons sharing HLA-A*02 and
HLA-B*07 alleles. Hum Immunol 64: 440–452.
46. Franc ¸ois V, Ottaviani S, Renkvist N, Stockis J, Schuler G, et al. (2009) The
CD4(+) T-cell response of melanoma patients to a MAGE-A3 peptide vaccine
involves potential regulatory T cells. Cancer Res 69(10): 4335–45.
Development of HLA-A2.1/DP4 Transgenic Mouse
PLoS ONE | www.plosone.org 9 March 2012 | Volume 7 | Issue 3 | e32247